The metabolic interrelationships of isobutyrate, n-butyrate, and propionate in Streptomyces lasaliensis are established to show how these acids are used as precursors for the biosynthesis of the polyether antibiotic, lasalocid A. It has been established through feeding experiments with isotopically labeled precursors that polyether antibiotics like lasalocid A (1) are built from the simple fatty acids, acetate, butyrate, or propionate, by bacterial secondary metabolism.1) In two cases, narasin,2) and lysocellin,3) the labeling regiochemistry resulting from the incorporation of
incorporated into 1 by 13C NMR analysis. The most important data from an earlier communica-tion7) and the present work are listed collectively in Table 1 as relative 13C enrichments for the carbons of 1. The enrichment value is not shown (-) when it was negligible. These data show that the primary 13C enrichments produced by [1-] and [4-13C] -n-butyrate and [2-] and [3-13C] propionate are as expected based on the earlier work of WESTLEY et al.8
The secondary 13C enrichments are of more interest and there are two metabolic relationships that have a bearing on this. Fig. la shows what would happen if [1,4-13C2]-n-butyrate were converted to The aldehyde carbon of 2-methylmalonic semialdehyde, which comes from C-3' of (3-hydroxyisobutyrate, becomes the carboxyl of propionate in these systems as shown in Fig The symbols indicate the predicted relationships between carbons that are retained or lost during the metabolism (a) of n-butyrate to propionate, or (b, c) of valine to n-butyrate and propionate.
In (c) a dot is affixed on the aldehyde carbon of 2-methylmalonic semialdehyde to indicate that this carbon becomes the carboxyl carbon of propionate during the metabolism of valine in bacteria other than the streptomycetes and in mammals. directly from C-1 of n-butyrate (C-13, 17 and 21) was highest in the labeling experiments with [1-13C]n-butyrate and -isobutyrate. Positions labeled by C-1 of propionate (C-3, C-9, C-11 and C-15) had the next highest level of enrichment, and positions labeled by C-1 of acetate (C-1, C-5, C-7, C-19 and C-23) had the lowest level. These data eliminate the occurrence of alpha oxidation of n-butyrate in the lasalocid A pathway since propionate could not acquire a C-1 label this way, and support the interrelationships of isobutyrate, n-butyrate, and propionate shown in Fig. l b. They also reinforce the knowledge that n-butyrate can be degraded to acetate by beta oxidation.
[4-13C]-n-Butyrate most heavily labeled the positions coming directly from the methyl group of butyrate (C-26, C-28 and C-31) and to a lesser amount the methyl groups of propionate-derived units (C-29, C-32, C-33 and C-34). As expected, [4-13C]-n-butyrate also labeled the positions coming from the methyl carbon of acetate directly (C-2, C-6, C-8, C-20 and C-24) and indirectly (C-4 and C-12; C-10 and C-16 were not resolved well enough at 50 MHz to measure) via the TCA cycle and the conversion of succinate to 2-methylmalonate.
Of the two positions in the propionate-derived units of 1 corresponding to C-2 and C-3 of succinate, which [2-13C]acetate will label, the one corresponding to C-3 of propionate was 13C-enriched much more which suggests that [4-13C]-n-butyrate was converted to [3-13C] propionate by more direct route than its degradation to [2-13C]acetate, etc. These data are consistent with the alpha oxidation route, but as its operation already has been ruled out, this leaves only the omega oxidation or isobutyrate routes ( The data from the [2-13C]propionate experiment confirm that propionate entered 1 directly with a very minor amount of catabolism to acetate.
To solidify the above arguments, we examined the incorporation of multiply 13C-labeled isobutyrate into The symbols indicate the labeling pattern resulting from the rearrangement of isobutyrate to nbutyrate in vivo. Secondary labeling due to the catabolism of n-butyrate and isobutyrate to acetate and propionate also appear in these spectra; e.g., at C-20, C-29 and C-34 in (B). 
Discussion
Our observations about the 13C-labeling of lasalocid A by its simple fatty acid precursors confirm the results of others, [4] [5] [6] 9) which have revealed that streptomycetes metabolize isobutyrate and n-butyrate through a novel pathway (Fig. lb) . It is reasonable to speculate that valine catabolism may be an important source of these carboxylic acids for the biosynthesis of polyether as well as macrolide antibiotics. This would be consistent with the knowledge that extensive protein breakdown occurs during the most active time of antibiotic formation by streptomycetes,12) and that Streptornyces fradiae mutants deficient in the level of valine dehydrogenase, the first enzyme of the valine catabolic pathway,13) produce reduced amounts of a macrolide antibiotic precursor whose formation requires the same three carboxylic acids needed for polyether antibiotics.14) Furthermore, branched-chain amino acids like leucine and valine can be the sole C and N sources for growth and macrolide antibiotic production in defined media.15)
Experimental

General
The procedures used for culture maintenance and fermentation, standard chemical methods, and isolation and spectral analyses of 1 are described in ref 16.
[2, 3, 3'-14C]Isobutyrate Disodium malonate (2.96 g, 20 mmol) and disodium [2-1#C]malonate (0.1 mCi, 19.9 mCi/mmol) were admixed, the pH adjusted to 2 with 6 M HCl, the solvent evaporated, and the residue dried in vacuo. The resulting [2-14C]malonic acid-NaCl mixture was dissolved in EtOH (15 ml) with heating, HCl gas bubbled in, and the reaction mixture refluxed for 3.5 hours. The reaction was cooled to room temp, the material rinsed out of the flask with 100 ml H2O, and extracted 3 times with 100 ml Et2O. The combined organic layers were dried over anhydrous Na2SO4 and evaporated in vacuo at room temp. The recovered material (2.2 g, 13.8 mmol, 68% yield) was checked by 1H NMR (CDCl3) which showed two resonances corresponding to the ethyl ester at 1.25 ppm and 4.2 ppm, and a resonance at 3.35 ppm corresponding to the methylene protons. Its specific radioactivity was 7.3 uCi/mmol. Clean sodium (700 mg, 30.4 mmol) was placed in a dry, N, flushed 25 ml flask fitted with reflux condenser attached to an oil bubbler. EtOH (3 ml, dried over Mg) was added dropwise to the Na with stirring at room temp. The reaction was heated until all the Na had dissolved; additional EtOH (4.5 ml) was then added dropwise and the solution refluxed for 1 hour more. The reaction was cooled until reflux had subsided, then all of the diethyl [2-14C]malonate prepared above was added dropwise. The reaction mixture was stirred vigorously with mild heating until all of the precipitate had dissolved and then maintained at this temp for an additional 1.5 hours.
[14C]Methyl iodide (58 mCi/mmol, diluted with CH,I to 8.5 µCi/mmol, 15.4 mmol) was added slowly to the reaction mixture without heating. After the addition was complete, the reaction was refluxed for 5 hours, cooled to room temp, and the mixture was washed with H,O, evaporated partially to remove excess EtOH, then extracted several times with Et,O (50 ml). The combined Et,O layers were dried over anhydrous Na2SO4 and evaporated to give 1.0 g (5.32 mmol, 39% yield) of [ A cold solution of 5 % aq NaOH (2.2 mol per mol) was added to the crude diethyl ester and the reaction stirred at room temp for 20 hours. After cooling, the reaction mixture was acidified to pH 1 with 6 M HCl and extracted 3 times with Et,O. The Et2O extracts were combined and evaporated in vacuo to give 690 mg (5.23 mmol, 98 % yield) of orange crystals of 2,2-dimethylmalonic acid which were recrystallized once from hexane.
The crystals were placed in a dry 25 ml flask fitted with a reflux condenser attached to an oil bubbler and a stir bar. The temperature of the bath surrounding the flask was raised slowly to 170°C and then held at 150°C for 1 hour. The flask was cooled to room temp to give a residue weighing 307 mg (3.53 mmol, 67 % yield, 4.2 ttCi/mmol). 1H NMR analysis (CDCl3) of this material showed resonances at 1.22 ppm (d, J=7.5 Hz) and 2.58 ppm (heptet, J=7.5 Hz) for the protons at C-3,3' and C-2, respectively, of isobutyric acid.
Sodium [1,3,3'-13C3]Isobutyrate
[cyano-13C]Ethylcyanoacetate was prepared from bromoacetic acid (1.04 g, 7.5 mmol) and [13C]-KCN (0.5 g, 7.6 mmol, 90 mol % 13C) according to the literature.17) Following the method of PHILLIPS,18) the crude product (0.65 g, 5.7 mmol) and [13C]methyl iodide (2 g, 14 mmol, 99 mol 13C) were dissolved in EtOH (20 ml) containing 2 drops of phenolphthalein , then a solution of NaOEt (2.4 mol per mol) in EtOH (5 ml) was added dropwise to the magnetically stirred mixture at such a rate that the color was not intensely purple. When the color had been sustained for about 20 minutes, the addition of base was stopped, the majority of the solvent evaporated, and the resulting residue partitioned between H2O and Et2O. Evaporation of the ether layer and combined ether extracts gave crude 13C-labeled 2,2-dimethyl ethylcyanoacetate (0.53 g).
To prepare the free acid, crude 2,2-dimethyl ethylcyanoacetate (1.10 g) was stirred with 4 M NaOH (1.2 equiv, 2.5 ml) in MeOH (8 ml) overnight at room temp, then the solution was acidified with dilute acid to pH-1 and extracted repeatedly with CH2Cl2. After evaporation of the organic solvent extract, the crude acid was heated to 140°C and distilled (Kugelrohr) to effect decarboxylation.
Upon repeating this distillation twice, it was found that some [3,3' -13C2]isobutyric acid also had been formed from loss of the cyano group, rather than CO, and had co-distilled with the desired nitrite (ratio of nitrile to acid=5: 1 by 1H NMR analysis). The crude yield of the combined products was 0.34 g. This mixture was dissolved in H2O (ca. 5 ml), titrated to a phenolphthalein endpoint, and the aqueous layer and 13C-labeled isobutyronitrile recovered by distillation (Kugelrohr).
The crude isobutyronitrile was dissolved in H2O (12 ml), solid KOH (5 g) was added to make a 30 % solution followed by a 30 % solution of H2O2 (2 ml), and the mixture was stirred at 40°C for 1 hour in a flask fitted with a condensor. A stream of nitrogen was slowly bubbled through the reac- tion mixture as its temperature was raised to 95°C. After 3 hours at this temp, the reaction mixture was cooled to room temp, saturated aq FeSO4 (1 ml) was added, and the mixture stirred for 2 more hours. The reaction mixture was acidified to pH -1 with concd sulfuric acid and the product acid azeotropically distilled with H2O until the pH of the distillate was ca. netically stirred slurry of benzyltriethylammonium chloride (1.42 g) in 14 ml of 12.5 M NaOH at room temp. The resulting mixture was stirred for another 4 hours at the same temp, diluted with H,O and extracted with Et2O several times. The aqueous layer was acidified to pH -1 and re-extracted with Et2O. The combined ether extracts were evaporated to a residue of crude, 13C-labeled diethyl 2,2dimethylmalonate (1.06 g, 90% yield) which was hydrolyzed to the acid by stirring with 3.2 ml (2.3 equiv) of 4 M NaOH in MeOH (10 ml) at room temp overnight. The reaction mixture was acidified to pH -1 and extracted repeatedly with Et2O, then the combined ether extracts dried (MgSO4) and evaporated to give crude 13C-labeled 2,2-dimethylmalonic acid. This material was decarboxylated and simultaneously distilled (Kugelrohr) at 150°C, and the distillate was titrated with I M NaOH to a phenolphthalein endpoint then evaporated to give sodium [ 
Precursor Feedings
The conditions used are described in refs 7 and 16, and the results are listed in Tables I and 2 . 
